In this paper the effectiveness of Static Var System (SVS) auxiliary controller in coordination with controlled series compensation has been demonstrated for damping power oscillations for wide range of operating conditions. A new SVS auxiliary controller, known as the combined derivative of reactive power and derivative of computed internal voltage (CDRPDCIV) auxiliary controller has been developed and incorporated in the SVS control system located at the middle of a series compensated long transmission line to get most effective damping effect. The first IEEE benchmark model for analysis of torsional modes has been adopted. Eigen value analysis study is conducted for various levels of power transfer and series compensation. The results of eigen value analysis are validated by carrying out time domain analysis study based on non linear model. The proposed SVS auxiliary controller in coordination with CSC with its bang -bang form of control is very effective in damping power system oscillations over a wide operating range under large disturbance conditions thus enhancing the Transient performance of the power system.
Introduction
Damping of power oscillations associated with the generator rotor swings is an important and challenging task in the power industry. These low frequency oscillations arise due to the dynamics of inter area power transfer and exhibit poor damping at high power transfer levels. Oscillations associated with single generator (Local Modes) have frequencies in the range of 0.8-1.8 Hz. The inter area modes have the frequency of oscillations in the range 0.2-0.5 Hz and involve large group of generators swinging against each other. The stability of these low frequency oscillations is a pre requisite for secure operation of system after critical contingencies.
With the advent of fast acting, power electronic based FACTS controllers like SVS, TCSC, SSSC, STATCOM, TCPAR and UPFC, it is feasible to enhance the damping of power system oscillations effectively at low cost [4, 5, 7, 11] . In recent years SVS has been employed to an increasing extent in modern power systems [1, 4, 10] due to its capability to work as Var generation and absorption systems. Besides, voltage control and improvement of transmission capability SVS in coordination with auxiliary controllers [3, 4, 6, 10] can be used for damping of power system oscillations. Damping of power system oscillations plays an important role not only in increasing the transmission capability but also for stabilization of power system conditions after critical faults, particularly in weakly coupled networks.
The controlled series compensation is one of the novel technique under FACTS philosophy for damping of power system oscillations [5] . D. Povh and Mihalic proposed the application of CSC and SVC for transient stability enhancement of an ac transmission system. Noroozian, M et. al. [6] proposed a robust control strategy for thyristor controlled series capacitor and static VAr systems to damp electromechanical oscillations. Larsen et al [2] have presented the design concepts and a systemic approach for the selection of input signals for FACTS damping controllers based on various damping controller design indices. The angular difference of two remote voltages on each side of TCSC is chosen as damping controller input Control strategies for damping of electromechanical power oscillations using an energy function method have been proposed by Gronquist et al in [3] , Chaudhuri, B. Pal et al designed a multiple -input Single output (MISO) controller for TCSC to improve damping of critical inter area modes using global stabilizing signals [12] . J. Chen et al proposed an equivalent model to analyse the capabilities of series connected FACTS controllers to damp power system oscillations and developed a universal control strategy using fuzzy logic control based on a locally measurable signal to enhance power system damping [11] . R.K.Verma [16] et.al. have described the use of TCSC for damping subsynchronous oscillations when provided with close loop current control. Alberto Mota Simoes [17] et.al. have proposed a power oscillation damping controller design implemented in TCSC to suppress low frequency oscillations. S.K.Gupta and N.Kumar proposed the application of CSC in coordination with double order SVS auxillary controller and induction machine for suppressing the torsional oscillations [15] . The control of the scheme is complex.
In the present literature it is seen that the system dynamics has not been properly taken into account as a result the models are less sensitive towards the voltage overshoots due to fast switching of controlled capacitors.
In the present paper the CDRPDCIV SVS auxiliary controller has been employed in coordination with controlled series compensation in a long series compensated transmission line A continuous control of mid point located SVS with the bang -bang form of control of CSC is very effective in damping Torsional oscillations. The above coordination provides an efficient and robust control of power oscillations damping for wide range of power transfer under large disturbance conditions.
System Model
The system investigated for this paper is well known IEEE first benchmark model depicted in Figure. 1. System consist of 1110 MVA synchronous generator supplying power to an infinite bus over a 400 KV, 600Km long series compensated single circuit transmission line. The rotor shaft model of the system is a six spring mass model consist of six turbine sections which have been modeled separately: (a) high pressure stage (HP), an intermediate stage (IP), two low pressure stages (LP A and LP B ), generator and excitor. The series compensation has been provided at the sending end of line. IEEE type1 excitation system is used for the generator. An SVS of switched capacitor and thyristor controlled reactor type is considered located at the middle of the transmission line which provides continuously controllable reactive power at its terminals in response to bus voltage and of derivative of computed internal voltage and derivative of reactive power auxiliary control signals. The system data and tortional spring mass system data are given in appendix A. 
A. Generator
In the detailed machine model [9] used here, the stator is represented by a dependent current source parallel with the inductance. The generator model includes the field winding 'f' and a damper winding 'h' along d-axis and two damper windings 'g' and 'k'along q-axis. The IEEE type-1 excitation system is used for the generator. In the mechanical model detailed shaft torque dynamics [2] has been considered for the analysis of torsional modes due to SSR.
Where v f is the field excitation voltage. Constants a 1 to a 8 and b 1 to b 6 are defined in [10] . i d, i q are d, and q axis components of the machine terminal current respectively which are defined with respect to machine reference frame. To have a common axis of representation with the network and SVS, these flux linkages are transformed to the synchronously rotating D-Q frame of reference using the following transformation:
Where i D, i Q are the respective machine current components along D and Q axis. δ is the angle by which d-axis leads the D-axis. Currents I d and I q, which are the components of the dependent current source along d and q axis respectively, are expressed as:
Where constants c 1 -c 4 are defined in [14] . Substituting eqn. (2) in eqn. (1) and Linearizing gives the state and output equation of the rotor circuit as:
The mechanical system (Figure 2 ) is described by the six spring mass model. The governing equations and the state and output equations are given as follows: Figure 2 . Six-Spring mass model of mechanical system 
After linearzing the above equations the state and output equations can be written as:
C. Excitation system
The state and output equations of the linearized IEEE type 1 exication system model are derived as
The transmission line ( Figure 3 ) is represented by lumped parameter T-circuit. The network has been represented by its α-axis equivalent circuit, which is identical with the positive sequence network. 
Similarly, the equations can be derived for the β-network. The α-β network equations are then transformed to D-Q frame of reference and subsequently linearised. The state and output equations for the network model are finally obtained as: Figure. 4 shows a small signal model of a general SVS. The terminal voltage perturbation ∆V and the SVS incremental current weighted by the factor K D representing current droop are fed to the reference junction. T M represents the measurement time constant, which for simplicity is assumed to be equal for both voltage and current measurements. The voltage regulator is assumed to be a proportional-integral (PI) controller. Thyristor control action is represented by an average dead time T D and a firing delay time T s . ∆B is the variation in TCR susceptance. ∆V F represents the incremental auxiliary control signal. 
E. Static Var System
Where R S , L S represent TCR resistance and inductances respectively. The other equations describing the SVS model are: 
+ =
The state and output eqns. of the SVS model are obtained as:
Auxilary Controller
A
. Combined Derivative of Reactive Power and Derivative of Computed Internal Voltage (CDRPDCIV) Auxiliary Controller
The auxiliary controller signal in this case is the combination of derivative of the line reactive power and the derivative of computed internal voltage with the objective of utilizing the beneficial contribution of both signals towards improving the dynamic performance of the system. The control scheme for the composite controller is illustrated in Figure. 5. The auxiliary control signals U C1 and U C2 correspond, respectively, to the derivative of line reactive power and the derivative of computed internal voltage deviations which are derived at the SVS bus. The auxiliary control signal in this case is the deviation in the line reactive power entering the SVS bus. The reactive power entering the SVS bus can be expressed as:
where i D , i Q and V 2D , V 2Q are the D-Q axis components of the line current i and the SVS bus voltage V 2 respectively. Linearizing eqn. (13) gives the deviation in the reactive power as:
( 1 5 ) where F 6 = (1x33) vector having non zero elements as
The derivative of the reactive power is obtained by differentiating eq. (10) 
2). Derivative of Computed Internal Voltage Auxiliary Signal
The derivative of computed internal voltage signal has been derived by computation of internal voltage of the remotely located generator utilizing locally measurable SVS bus voltage and transmission line currents. The DCIV signal has a more beneficial influence on the high frequency Torsional oscillations. As it is not feasible to obtain this signal by measurement as the generating station and the SVS are located far apart from each other, therefore it is attempted to derive the proposed signal in terms of parameters, which are available at SVS bus. The parameters utilized for the signal are bus voltage, transmission line current at SVS bus and reactance between the generator and SVS terminal. The line charging capacitance and the resistance of the generator stator and the transmission line are neglected. The dependent current source represent the generator and transformed to an equivalent voltage source behind the subtransient inductance, From the equivalent circuit, the total inductance L E between the bus and equivalent source e 1 is given as: Figure 6 . α-axis representation of simplified system for DCIV signal
The above equations are transformed to D-Q frame of reference as: 
The Co
The C degree of scheme is
The s reactance made con and havin condition arrangem series wit operation The control algorithm used senses the angular speed deviations from the steady state value and increases or decreases the power transmission by inserting on by passing the controlled series capacitors when angular speed deviations (Δω) reaches a threshold value of +Δω Th or -Δω Th rad/sec respectively. Otherwise the controlled series capacitor C cc remain by -passed. A threshold value of Δω Th (0.14 rad/sec) is used to prevent the damping system from sustained continuous operation. In such a way the full bang-bang control characteristics of the CSC is obtained. The value of Δω Th can be adjusted to minimize the frequent switching of the controlled series capacitor so that the voltage transients are reduced.
Case Study
The study system consists of 1110 MVA synchronous generator supplying power to an infinite bus over a 400 kV, 600 km. long series compensated single circuit transmission line. The system data and torsional spring mass system data are given in Appendix A. The SVS rating for the line has been chosen to be 100 MVAR inductive to 300 MVAR capacitive. 25%, 40% and 48% series compensation is used at the sending end of the transmission line.
A . Torsional Oscillations Study
The eigen values have been computed for the system with and without (DCRPDCIV) auxiliary controller incorporated in SVS control system for wide range of series compensation at higher power transfer level. Table1 presents the eigen values for the system at generator power P G = 800 MW for compensation levels of 25%, 40% and 48% without any auxiliary controller. When no auxiliary controller is incorporated., Mode 4 and 5 are unstable for all levels of series compensation used. Mode3 is unstable at 48% and mode2 is unstable at 25%. Mode1 is unstable at 25% and 48%. Mode 2 is unstable at 25% and Mode0 is unstable at 25% and 40% level of series compensation in the system at P G = 800 MW. Table 2 shows the system Eigen value when combined derivative of Reactive power and derivative of Computed internal Voltage Auxiliary Controller is incorporated in SVS control system. It can be seen that all the modes are stable at P G = 800 MW for all levels of series compensation. Table3 presents the eigen values for the system at generator power P G = 200,500 and 800 MW for compensation level of 15% without any auxiliary controller. When no auxiliary controller is incorporated, Modes 5, 4, 3 are unstable at all power transfer levels and Modes 1and 0 are unstable at PG=800MW. Table 4 shows the system eigen values when combined derivative of Reactive power and derivative of Computed internal Voltage Auxiliary Controller is incorporated in SVS control system. It can be seen that all the modes are stable at all levels of power transfer at 15% of series compensation The auxiliary controller parameter are selected based on an extensive root locus study and are listed in Table 2 and 4. 
B. Time Domain Simulation Study
A The transient simulation of the combined non linear system including CDRPDCIV SVS Auxiliary controller and controlled series compensation has been carried out to illustrate the effectiveness of the CDRPDCIV auxiliary controller in coordination with CSC under large disturbance conditions for damping power oscillations. Applying a pulsed torque of 20% for 0.1s simulates a disturbance. The simulation study has been carried out at P G =800MW for 40% series compensation level. All the self and mutual damping constants are assumed to be zero. Figure 8(a-g) shows the time response curves of the terminal voltage, SVS bus voltage, SVS susceptance, power angle, variation in torsional torques T(HP-IP), T(LPB-Generator) without CDRPDCIV auxiliary controller after the disturbance respectively which are obtained by solving non linear differential equations of the generator, network, Static var system and mechanical system as given in Appendix using Runge-Kutta Fourth order method. It can be seen from the Figure 8 that there are sustained oscillations in voltage, power angle and deviation in rotor angular speed. This is due to the instability of mode 0 (System mode) as is evident in eigen value study (Table 1) . Mode 0 instability is caused by controller interaction with the network and generator electrical quantities. Torsional torques oscillations start growing almost as soon as disturbance is applied. This is due to the instability of torsionsal modes 5 and 4 which corroborate the results of eigen value study.
(g) Figure 8 (a-g). Response curves without CDRPDCIV auxiliary controller at Pg = 800 MW due to 20% increase in T mech for 0.1 secs (T-circuit Model) Figure 9 (a-g). Shows the response curves of the terminal voltage, SVS bus voltage, SVS susceptance, power angle, variation in torsional torques T(HP-IP), T(LPB-Generator) respectively with CDRPDCIV auxiliary controller after the disturbance which are obtained by solving non linear differential equations of the system using Runge Kutta Fourth order method. It is seen that CDRPDCIV auxiliary controller damps out voltage, power angle and torsional torques oscillations by modulating reactive and active power of the system. Figure 9 (a-g). Response curves with CDRPDCIV auxiliary controller at Pg = 800 MW due to 20% increase in T mech for 0.1 secs (T-circuit Model)
Coordinated Control of SVS and CSC for Damping Power System Figure 10 (a-h) shows the response curves of the terminal voltage, SVS bus voltage, SVS susceptance, power angle, variation in controlled capacitive reactance variation in torsional torques with the CDRPDCIV auxiliary controller in coordination with CSC after the disturbance. It is seen that the coordinated application of CDRPDCIV auxiliary controller and CSC damps out voltage , power angle and torsional torques oscillations effectively and settling time is considerably reduced and a significant improvement in dynamic and transient performance is achieved.
The bang-bang control characteristics of the CSC give rise to voltage transients. The voltage transients are controlled by closely restricting the reactive power limits of the SVS (0 to 0.4 pu in the present case) and avoiding the frequent switching of controlled capacitor.
(g) (h) Figure 10 (a-h). Response curves with CDRPDCIV auxiliary controller and controlled series compensation at Pg = 800 MW due to 20% increase in T mech for 0.1 secs (T-circuit Model)
Conclusion
In this paper the effectiveness of coordinated application of CSC and DRPDCIV auxiliary controller has been evaluated for damping power oscillations for a series compensated power system over a wide operating range of power transfer. The following conclusions can be drawn from the eigenvalue and time domain simulation study performed. 
